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Abstract
Hyperalgesia is the increased sensitivity to pain which can present itself to many people no matter
age or ethnicity. Having the ability to alleviate pain whether it be acute or chronic pain without the
use of addictive medication can have the potential to change the course or modern medicine known
today. Through the use of zebrafish, this thesis provides a preliminary understanding in pain signal
blocking. Three distinct genes have found to be associated with perceiving pain, which include
Transient Receptor Potential Ankyrin 1 (TRPA1), Transient Receptor Potential Melestatin 8
(TRPM8), and Cannabinoid Receptor 1 (CNR1). We hypothesize through knockdown of TRPA1,
TRPM8, or CNR1 gene function may alleviate chronic pain-based behaviors and pain signaling.
Gene manipulation by way of splice site-blocking morpholinos was performed on the stated genes
of interest and action potentials were generated through exposure to the noxious stimulus
cinnamon oil. Behavioral responses to pain were examined by looking at the characteristic escape
response of the morphant and control fish. In addition, electrophysiology was performed on cranial
nerve VIII (CNVIII) of morphants to understand whether pain signaling, in response to the
noxious, exogenous compound cinnamon oil, persisted even after knockdown of these pain
perception genes. The impact of TRP channel knockdown on pain signaling was then observed on
the post synaptic level by comparing the fluorescent intensity mean (FIM) values of fluorescent
antibody labeled NMDA receptors for glutamate and PSD95 clustering proteins for NMDAr at
integration and motor synapses of spinal cord tissues. The FIM values were then correlated to the
presence of NMDA, or PSD95 on spinal neurons to indicate production and assembly of
glutamatergic synapse components, eluding to colocalization of NMDA receptor and its clustering
proteins, even in the absence of a signal.
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Chapter 1: Introduction
An organism’s ability to perceive environmental temperature changes is paramount for survival
(Bautista, 2015). Detection of these pain signals can either be done by an organism that
thermoregulates internally or through behavioral means. An inability to perceive temperature
changes in their environment, disables the ability to appropriately regulate it. Thus, an organism
will be unable to appropriately regulate body temperature, or to seek shelter when environmental
temperatures are no longer survivable. The nociceptive circuit enables organisms to detect,
process, and react to harmful stimuli by means of sensory, integration, and motor nerves.
Sensory nerves allow an organism to detect the presence of an outside stimulus, that then sends
signals through the integration neurons, allowing the organism to process the stimulus, ultimately
eliciting a proper response from the motor nerve.

Integration

Motor

Nociceptive Circuit
Figure 1: Nociceptive Circuit. Model of the nociceptive circuit, showing the sensory (purple), integrative
(blue), and motor (green) neurons involved in pain signaling. The above model will be used throughout
this study to describe various areas of the circuit that were manipulated and assayed.

Nociception enables the nervous system to detect, encode, and process extreme
temperature changes and other harmful stimuli through afferent mechanosensory channels called
Transient Receptor Potential channels (TRP). These TRP channels encompass an extensive,
group of cationotropic channels involved in afferent signal processing, including temperature,
light, chemical, and nociceptive signaling (Khot et al., 2013). The TRP family consists of 28
known members that are categorized by specific sensory processes. TRP channels associated
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with noxious stimuli, for instance, can be classified into groups that are sensitive to hot
temperatures (TRPV1, TRPV3, and TRPV4) or cold temperatures (TRPM8 and TRPA1) (Khot
et al., 2013). TRPM8 is activated in response to cold and menthol stimuli (Khot et al., 2013). In
cold temperatures ranging from 20oC and below (-17C), or in the presence of noxious mustard
oil or cinnamon oil, TRPA1 is activated (Gonzales, 2014; Nilius et al., 2007). In warm
temperatures TRPV3 and TRPV4 ae activated, and in painfully hot temperatures or in capsaicin
exposed environments TRPV1 and TRPV2 are activated (Khot et al., 2013). The TRP channels
are composed of six transmembrane domains demonstrating cation
permeability
between the
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Motor

Nociceptive Circuit
Figure 3: TRP channels and nociceptive circuit. Blue arrow indicates the synapses where TRP channels
are generally found along the nociceptive circuit. TRP channels lie on the axon terminals of pain sensing
neurons that synapse onto dendrites of integrative neurons.

TRP in Humans
TRP channels are present in humans and are found in essentially all tissue and cell types
throughout the body and have a vital role in cell function regulation (Nilius et al., 2007). In a
review by Nilius et al. (2007), TRP channels were examined in regards to their pathogenic role in
a considerable number of diseases for which pain is one of the major disease phenotypes. Nilius
examined the dysfunctionality in TRP channels in regards to channelopathies. Genetic defects
have been associated with four TRP channels as the underlying causes of hereditary pain
diseases in humans. The TRPA1 channel, which has one isoform in humans, was associated with
inflammatory pain and hypersensitivity, and also genetically maps to loci associated with
sensorineural deafness, spastic paraplegia, and convulsions. The TRPM8 channel has one form
in humans that is associated with upregulating tumors throughout tissues in the body.
Upregulation in the breasts, prostate, lungs, colon, skin, and painful bladder syndrome has
evidence of genetic mapping to Parkinson’s disease, and chronic obstructive pulmonary disease.
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TRP in zebrafish
Zebrafish have become the ideal model for studying development of and production of
regulatory behaviors through genetics and neural circuits (Prober et al., 2008). Zebrafish
reproduce in high numbers with minimal maintenance cost requirements. Embryos have
transparent bodies at early developmental stages , offering the ease of visualization of brain
structures and imaging neuronal development and connectivity using fluorescent markers
(Cutright et al., 2015; Prober et al., 2008). Zebrafish also exhibit accelerated development of
neuronal circuitry and are able to demonstrate a multitude of predictable and stereotyped
behavioral responses to stimuli. Zebrafish have a comparable and similar nociceptive circuit
organization similar to the pain circuit in mammals (Cutright et al., 2015). The function of TRP
channels in zebrafish is similar to that of humans, which is why TRP research can be conducted
in zebrafish yielding translational results (Prober et al., 2008). However, zebrafish possess two
TRPA1 paralogues, TRPA1a and TRPA1b. TRPA1a can detect and intercede behavioral
responses to chemical irritants, and TRPA1b is thought to be required to give behavioral
responses to chemical irritants (Prober et al., 2008). The paralog TRPA1a is closely similar to
TRPA1 in humans. TRPM8, in zebrafish is thought to have three paralogues. In zebrafish
TRPM8 is called fb95a05, with its paralogues being si:ch211-210b2.3, si:ch211-210b2.4, and
si:ch211-210b2.2 (acquired 07/27/17 from e! Ensembl database). The fb95a05 has been
associated with TRPM8 function in humans in pain signaling due to cold stimuli.
TRPA1
TRPA1 gene is composed of 28 exons that has a span of 55,701 base pairs (Nilius et al., 2012).
The gene encoding TRPA1 is thought to be a gene present in almost all animals including
vertebrates and invertebrates, indicating that its function has been conserved for nearly 500
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million years (Nilius et al., 2012). TRPA1 channel functionality has been associated with
inflammatory responses to injury and hypersensitivity to colder temperatures. TRPA1 serves as
the primary functional receptor for most nociceptive signaling in pain neurons (Nagata et al.,
2005). In addition, TRPA1 receptors are observed in the lungs, small intestine, skeletal muscle,
heart, pancreas, brain (Nilius et al., 2012), and also hair cells, the primary sensory receptors for
Cranial Nerve VIII (CN.VIII), the Vestibulocochlear Nerve (Nagata et al., 2005). TRPA1 is also
expressed in 25% of the sensory neurons within the dorsal root ganglia (DRG) (Nilius et al.,
2012). The TRPA1 terminals are identified by their clear round synaptic vesicles situated at the
axonal presynaptic terminals to their post synaptic dendritic connections (Nilius et al., 2012).
TRPA1 localization occurs in primary afferent terminals on presynaptic neurons, and has been
primarily found in small diameter nociceptive neurons in primary sensory afferent nerves.

Figure 4: TRPA1 presynaptic localization. TRPA1 is found on the presynaptic axon terminal ends of
sensory neurons synapsing onto integrative neurons in the nociceptive pathway (Sensory neuron (purple),
Integrative neuron, CNVIII (navy blue), Motor neuron (green)). The circled area between the sensory and
integration neurons is enlarged to show detail of function once the action potential (AP; blue bolt),
representing the noxious stimulus, travels down the sensory neuron to the presynaptic terminal containing
TRPA1 channels (paired solid black ovals). TRP channels stimulated by the noxious stimulus open,
letting calcium (Ca2+) flood the presynaptic terminal. The increase in intracellular calcium causes
vesicles (black circle with blue spots) containing glutamate (GLUT; blue spots) to fuse to the presynaptic
membrane and spill GLUT into the synapse. On the post synaptic integrating neuron, NMDA receptors
(green ovals) for GLUT are clustered at the post synaptic density by the clustering protein PSD95 (red) to
bind GLUT and conduct the sensory signal through integrative pathways in the CNS.

8

TRPM8
The TRPM8 gene is composed of 8 exons (NCBI). TRPM8 has been localized in the peripheral
nervous system, similarly to TRPA1, and is localized in small diameter sensory neurons. TRPM
has been found in the prostate and the breasts and has been associated with prostate cancer
pathophysiology (Nillius et al 2007). The prostate epithelial cells are kept homeostatic through
TRPM8 calcium regulation. The TRPM8 is localized on the endoplasmic reticulum and plasma
membrane. Finally, TRPM8 has homologs in many different organisms, demonstrating similar
deep conservation to TRPA1.
CNR1
Studies are developing involving the endocannabinoid system to better understand the
pharmacological properties of the cannabinoid receptor (CNR1) in nociceptive signaling
(Guindon et al 2011). The endogenous lipid signaling endocannabinoid ligands resemble the
effects of 9-tetrahydrocannabinol (9-THC) yielding anti-nociceptive functions by binding and
activating CNR1 (Guindon et al 2011). CNR1 is composed of 3 exons, and is present in
vertebrates and most invertebrates and has been conserved over millions of years (Watts 2004).
CNR1 receptors have been linked to pain modulation as well as appetite, movement control, and
memory (Watts 2004). CNR1 is mostly localized within the central and peripheral nervous
system and is thought to produce analgesic properties in the presence of noxious stimuli (Palazzo
et al 2000). CNR1 is most highly expressed in the brain, and also expressed on the nerve
terminals on neurons, interneurons, as well as on axons (Cota 2007). The CNR1 receptor has
been linked to the presence of a cannabinergic pain-modulatory system, where they have been
found to abate behavioral responses to chemical, thermal, and mechanical noxious stimuli
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(Palazzo et al 2000). Cannabinoid-induced modulation of noxious stimulus induces activity of
neurons in the spinal cord, and are paired with these CNR1 anti-nociceptive properties (Palazzo
et al 2000). The cannabinoid receptor is a member of the GPCR superfamily.
TRPA1a, TRPM8, and CNR1 Activation
TRPA1 is a calcium mediated ion channel that can also be activated by numerous endogenous
chemicals that are a result of pathophysiological conditions like inflammation (Nilius et al 2012).
TRPA1 activation can be accomplished by an increase in extracellular calcium ion influx, or by
calcium release from intracellularly stored. In addition to intracellular calcium stimuli mediated
responses can occur through pores opening and closing extracellularly. Channel functionality can
also be achieved through permeability of non-selective calcium channels near micro domains. In
humans, however Asp1081, Asp1080, Asp1082 and Glu1077 and are conserved residues which
have strong effects on calcium and voltage dependent potentiation and inactivation of agonistinduced responses (Nilius et al 2012). Calcium flux is a fundamental part of the TRPA1 channel
function, and this calcium carries 17% of the inward TRPA1 current (Nilius et al 2012). The
sensitization of the TRPA1 channel can come from exogenous sources such as the temperature,
mustard, and cinnamon oil, or through an increase of calcium. (Stucky et al 2009). In the event
of an environmental stimulus such as a severe temperature decrease, the TRPA1 channel will
open creating calcium influx through a pathway. The calcium rushing into the cell creates an
action potential transmitted to the brain by sensory neurons in the spinal cord (Khot et al 2013).
The transmitted action potentials are delivered to the somatosensory cortex of the brain resulting
in painful sensations (see Figure 4).
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TRPM8 encompasses many of the same properties as TRPA1 such as calcium dependent,
membrane currents that can be induced by exogenous compounds. TRPM8 possess two
paramount channel property changes; the first being a shift taking place in voltage dependence of
the channel and the second being a modification that occurs with the maximum probability of the
channel opening (McKemy 2007). TRPM8 channel has been associated with activation induced
by temperatures ranging below 30C and by the intake of menthol, and can also elicit activation
from the wide array of exogenous compounds mechanisms. The application of menthol at
increased doses can cause noxious sensations described as painful, irritating, and burning.
Menthol achieves its cooling sensation properties by an increase of the cold receptor threshold
temperature activation (McKemy 2007). Temperature specific TRPM8 activation can occur as a
non-painful perception with temperatures deviating from normal body temperatures as low as
1C. Moreover, when temperatures reach a 15 C deviation painfully cold sensations are felt and
can be depicted as prickling, burning, and aching sensations (McKemy 2007). The TRPM8
channel has varying thermal thresholds because activation can occur through an increase in
temperature that approaches that of body temperature (Khot et al 2013).
CNR1 activation can be traced to the dorsal horn of the spinal cord which is involved in
the processing of pain signals through endogenous lipid signaling endocannabinoid ligands
(Guindon et al 2011). CNR1 is a member of the GPCR superfamily, and has an effect on calcium
channels (Cota 2007). CNR1 activation predominantly takes place pre-synaptically resulting in
neurotransmitter modulation. Glutamate is among one of the neurotransmitters modulated by the
activation of CNR1 (Cota 2007) just as it is with TRPA1 and TRPM8 yielding an excitatory
response. However, when CNR1 can also inhibit glutamate release from afferent signaling
processes via GPCR pathways (Svendsen et al 2004). Increased stimulation of certain
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glutamatergic receptor subtypes, NMDA or mGluR can either result in anti-nociception or
hyperalgesia (Palazzo et al 2000). Anti-nociceptive descending pathways that aid in
cannabinoid-induced analgesia are linked to the post synaptic excitatory receptors such as
NMDA (Palazzo et al 2000). CNR1 receptors have been shown to have the ability to hide Gproteins and also prohibit signaling of GPCRs (Palazzo et al 2000). In the case where a CNR1
receptor prohibited signaling of GPCRs involved with TRP activation, the result would be no
TRP induced pain sensitivity.
TRPA1 and TRPM8 channel activation can also come as a result of interactions with Gprotein coupled receptors (GPCRs). TRP activation of primary sensory neurons can be achieved
through GPCR pathways (Geppetti et al. 2015). This can occur through post-translational
modifications resulting in channel binding to the signaling messengers that can moderate GPCRstimulated channel activity (Geppetti et al. 2015). TRPA1 and TRPM8 stimulation can also
occur through Gq activation of the phospholipase C pathway which then allows inhibition of
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PIP2-dependent channels that can provoke endogenous TRP agonists (Geppetti et al. 2015).

Figure 6: TRP activation induced through GPCR pathways. (Adapted from Geppetti et al 2015).

Pruritogens, substances that cause itching, also trigger the TRPA1 channel causing pain
sensation. The pruritogens cause sensory neuron excitation, and is a result of TRPs being
downstream effectors of Gq nociceptive signaling (Geppetti et al. 2015). Chloroquine (CQ), is a
specific pruritogen that has been reported to excite TRPA1 and TRPM8 channels causing itching
sensations. Itching as a result of CQ interactions can be linked to excitation in Dorsal Root
Ganglion neuron TRPA1 ion channels. In addition to eliciting TRPA1 channel activation, CQ
causes sensory neuron excitation from the TRPM8 channel. CQ causes activation of the Masrelated GPCR A3 (MrgprA3). Once the MrgprA3 has been activated, activation of the
phospholipase C pathway ensues (Than et al 2013). Specific to the TRPA1 channel, dorsal root
ganglion neurons are excited through MrgprA3 GPCR activation by CQ. The MrgprA3 GPCR
activation allows opening of TRPA1 through beta/gamma signaling mechanisms. These
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mechanisms are currently not understood, and the myriad ways of triggering TRPA1 channels
confound our understanding of pain signaling as a function of multiple sensory stimuli. Three
main populations of neurons with coexpression of either TRPA1, TRPM8, or TRPV1 are excited
by CQ.
Pain
Hyperalgesia is the increased sensitivity to pain which can present itself to many people
regardless age or ethnicity. As previously stated, being able to sense pain can be the difference
between life and death in certain instances. However, when pain is constantly perceived, issues
can arise within the organism. In many cases pain can be an indicator of illness, and can quickly
transform from acute to chronic pain. When TRPA1 receptors on pain fibers are bound and
activated, uncomfortable pain sensations are triggered at their targets and integrated in brain
areas associated with avoidance, emotion, and memory. TRPA1 stimulation can cause
spontaneous pain, cold hyperalgesia, neurogenic axon reflex erythema, heat sensation, and
mechanical hyperalgesia by means of electrophilic TRPA1 activators. An agonist is a chemical
that binds to and activates a receptor. TRPA1 agonists act to increase TRPA1 expression by
increasing cell capacitance in the plasma membrane resulting in neurotransmitter vesicle fusion
to the presynaptic membrane (Nilius et al 2012). As a result of TRPA1 stimulation, sensations of
spontaneous pain, cold hyperalgesia, neurogenic axon reflex erythema, heat, and mechanical
hyperalgesia are propagated by means of electrophilic TRPA1 activators (Nilius et al 2012). For
example, the electrophilic compound mustard oil (MO) enlarges cell capacitance causing
calcium flooding which results in exocytosis and glutamate release, which then NMDA receptors
on the post synaptic neuron. The increase of mustard oil results in TRPA1 vesicle fusion which
then results in increased functional TRPA1 expression that sequentially results in debilitating
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pain, affecting both physical and mental well-being (Nilius et al 2012). TRPA1 antagonists are
agents that can be used to relieve painful sensations by slowing or blocking specific elements of
pain signaling pathways. In 2007 the first antagonist was characterized from a xanthine structure,
and to this day is still broadly used. As research has progressed a wider range of antagonists have
been identified. These antagonists are non-electrophilic inhibitors that perform as natural TRPA1
antagonists (Nilius et al., 2012).

Figure 5: Activation of Nociception. At the TRP synapse, an action potential down the sensory neuron or
direct contact of noxious stimulus with the TRP channel open the TRP channel to allow the influx of
calcium ion, which then triggers the release of GLUT into the synaptic cleft. GLUT is bound by NMDA
receptors on the dendrites of integration neurons to conduct the signal to the somatosensory cortex or
insula, primary integration centers for nociception in the CNS. AP (action potential), TRP (TRP
channel), GLUT Vesicle (presynaptic vesicles containing glutamate neurotransmitter), GLUT (glutamate
neurotransmitter), NMDAR (GLUT) (NMDA receptors for glutamate on post synapse), PSD95 (NMDAR
clustering proteins), black circle denotes highlighted area on the axon terminal end of the presynapse of
sensory neuron (purple) that synapses onto a dendrite of the post synaptic integration neuron (navy blue).

In the past, much of pain research has come from studies measuring the efficacy of
probable analgesic compounds (Cutright et al., 2015). Due to the controversial nature of pain
research animal models must be used. Zebrafish are the ideal model organism because of their
simplified, but translational nociceptive circuit. In a study conducted by Cutright et al. (2015),
nociception perception and suppression is observed in zebrafish using TRPA1 agonists and
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antagonists. The intention of the experiment was to explore is to explore possible analgesic
compounds. One aspect of pain signaling and analgesia that remains a mystery is pain resulting
from nerve damage.
In the Cutright et al. (2015) study, mustard oil, along with increased and decreased water
temperatures were used to distinguish whether nociceptive behaviors were seen in the zebrafish.
The optimal water temperature for zebrafish is 28.5C. A tank was placed on a dual hot/cold
plate with one side set to 28.5C and the other to temperature ranging from 20-26.5C and
temperatures ranging from 30.5-36.5C. The fish were administered the mustard oil and placed
in the optimal/hot or optimal/cold tanks and behavioral observations were recorded. The fish
who were administered the mustard oil showed a reduced threshold for a nociceptive response.
These fish also show aversion to the optimal temperature, and when placed in the optimal/cold
tank preferred temperatures lower than 28.5C, temperatures that they would have normally
avoided. Temperature preference returned to normal 60 minutes after mustard oil treatment
suggesting that nociception can indeed be modeled in the zebrafish. When the zebrafish were
placed in the optimal/hot environment they swam with greater velocity to reach the optimal side
of the tank (Cutright et al., 2015).
In addition to observing the effects agonists have on zebrafish, analgesics were also
investigated by the authors. The swimming aversion tests with the mustard oil represented
nociceptive environments that yielded typical nociceptive behavioral responses. In light of the
results analgesic compounds were used to see if fish who had been administered mustard oil
could still distinguish between each side of the tank. The analgesic buprenorphine was
administered in parallel with the mustard oil. The use of buprenorphine suppressed the effects of
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the mustard oil and the zebrafish were unable to distinguish between hot and cold and did not
exhibit hot and cold avoidance. With the use of buprenorphine there was also a decrease in
velocity of the zebrafish to swim from the hot side to the optimal side of the tank. The TRPA1
antagonist HC-030031 was also used to test temperature avoidance with mustard oil. The results
with this antagonist were similar to that of buprenorphine in that the antagonist decreased
thermal aversion sensitization. The findings in this study show promising uses for analgesics in
chronic pain and inflammatory treatment (Cutright et al., 2015).
Interest in understanding the TRPA1 channel has increased significantly due to recent
findings suggesting TRPA1 being a necessary component in the treatment of neuropathic pain
and inflammation. In addition to the realization that TRP channels are not just composed of plain
ion channels (Khot et al., 2013), TRPA1 has gained research momentum, because when it comes
to perceiving irritants, disease involvement, and cell damaging signals; TRPA1 has exhibited
functional diversity that has yet to be explored fully. TRPA1 is an ideal channel to observe
because of its growing plausibility for analgesics (Cutright et al., 2013). The analgesic properties
of TRPA1, are however currently being studied in an effort to manage an array of degenerative
conditions and tissue injury that stimulate chronic pain and inflammation (Cutright et al., 2013).
The association with inflammation and chronic pain makes TRPA1 a good gene to study,
because of the dramatic increase in people suffering from issues with chronic pain. Thus,
increasing the necessity for its study, because research application can be correlated to pain relief
without the use of highly addictive medications. Because the sensation of pain is necessary for
survival, studying the effects of altering nociception can heighten our understanding of chronic
pain disorders.
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Interest in CNR1analgesic properties is also underway because endocannabinoid ligands
can result in analgesic properties given off by 9-tetrahydrocannabinol (9-THC) (Guindon et al
2011). Better understanding the interaction and mechanism of the cannabinoid receptor and the
endocannabinoid can also shine light on ways of using endogenous molecules to aid in pain
relief. CNR1 needs endocannabinoid binding to activate analgesic properties (Guindon et al
2011), so when there is a problem with CNR1 binding and function, anti-nociceptive responses
are not seen and hyperalgesia is observed (Palazzo et al 2000).
Chronic pain signals are difficult to repair and alleviate, because even though the afferent
pain fibers are damaged or absent, as in the case of amputation, pain sensations are still
perceived. Those who suffer from neuropathy-based pain attempt to relieve pain symptoms with
prescription analgesic medications. Most of these medications, especially opioid based
analgesics also trigger the brain’s reward pathway, quickly leading to addiction, and if taken for
an extended period of time, result in dependency problems. Because of the absence or damage to
pain fibers and the dangerous side effects of neuropathic treatments, scientists are working to
understand whether TRPA1 channels somehow continue to signal in the case of neuropathy.
A nociceptive study by Reilly et al. (2008) in Rainbow trout (Oncorhynchus mykiss),
Common carp (Cyprirus carpio), and Zebrafish (Danio rerio) used acetic acid to examine
potential pain perception and the degree of pain perception in these species. Although not a lot of
nociceptive research has been done with fish it has been identified that pain responses are
interspecific between fish species, and they have been identified as possessing the basic sensory
components for perceiving potentially harmful stimuli. In this study, acetic acid was used as the
noxious stimulus. The fish were injected subcutaneously in their frontal lips. Analysis was
completed by observing and recording their ventilation rate or opercular beat and swim rate.
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Atypical behaviors such as rocking and tapping lips against the glass were also scored as
responses to the noxious stimulus. In the experiment the fish in each group were injected with a
5% acetic acid solution to the upper and lower lip after being anesthetized, and the control fish
were injected with a saline solution of the same 5% concentration. Behaviors were recorded
using video cameras and analyzed using behavior scoring software. In regards to zebrafish
behavioral responses, opercular beat rate showed significant increases after the acetic acid
injections along with a decrease in swim rate. Zebrafish did not show any anomalous behaviors
such as rocking or bumping against the glass like the carp and rainbow trout. Rainbow trout did
not show any differences in ventilation rate, but did show a decrease in swim rate. Common carp
showed an increase in ventilation rate and no difference in swim rate. From this experiment,
researchers were able to conclude that nociceptive responses are likely species specific in fish
(Reilly et al 2008).
Escape Response
Zebrafish have a characteristic escape response that helps them evade predators and dangerous
situations is essential for their survival. At 24 hours post fertilization (hpf) it consists of a Cbend away from the threatening stimulus (Mongeon et al., 2008). At 48hpf the characteristic
response is to C-bend and swim away from the threat/noxious stimulus (Mongeon et al., 2008)..
The escape response is analagous to the mammalian sympathetic (fight or flight) startle response.
In humans, startle response is a physiologic mechanism composed of a broad symmetric
myogenic flexor responses of various muscles through rostrocaudal recruitment activation
(Dreissen et al., 2012). This startle or escape response in zebrafish is also referred to as the fast
start, which encompasses a high energy burst of swimming initiating from rest or upon periods of
constant swimming (Domenici et al., 1997).
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Fast starts can be burst swimming with a duration of less than one second. The
characteristic fast-start for a zebrafish is a C-bend which results in the fish bending in a “C”
shape at the conclusion of unilateral trunk muscle contractions (Domenici et al., 1997; Medan et
al., 2014). At 48hpf and beyond the C-bend is accompanied by a return stroke in the opposing
direction which results in a striated tail that helps thrust the fish to safety (Medan et al., 2014).
The formation of the “C” shape is considered to be the first step in the C-start response, with the
second being the escape direction which can have many different influences based on the
different stimuli. C-starts can be directly linked to Mauthner neuron activation in zebrafish
(Domenici et al., 1997).
The Mauthner neurons are two large neurons originating in in the brain and elongating
down the entire A-P body axis of the fish. These neurons receive sensory inputs from the
vestibular, somatosensory system, visual, and acoustic-lateralis systems (Medan et al., 2014).
The Mauthner neurons are hypersensitive and can activate motor networks with a single action
potential. Activation of the motor networks initiates contralaterally on the trunk muscles while
inhibiting the muscles on the ipsilateral side concurrently. Each Mauthner neuron contains a
single primary dendrite that can receive multiple excitation sensory inputs such as from the
visual, lateral line, auditory, vestibular and somatosensory system afferent inputs. The auditory
and vestibular systems have been found to initiate the startle response more frequently than
others (Medan et al., 2014). Escape response execution occurs with the interneurons and
motorneurons that form cranial and spinal networks. Startle behavior plasticity can be linked to
the plasticity in the Mauthner cell synapse outputs (Medan et al., 2014). Directionality is also an
important part of the C-start response to ensure fish are able to avoid obstacles. Lowered
temperatures increases the frequency in which fish inappropriately turn towards the stimulus and
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decreases their ability to properly escape (Medan et al., 2014). In order to ensure that only
pertinent startle responses are occurring, startle stimuli thresholds are balanced between
excitatory and inhibitory Mauthner cell responses (Medan et al., 2014).

Figure 6: Simplified escape circuit model in zebrafish. This image is a representation of the nociception
circuit and its connection to the neural circuit governing escape response in the zebrafish embryo. As in
Figure 4, sensory receptors in purple (hair cells in the lateral line) detect harmful mechanical stimuli,
communicate the signal to the primary octavolateral afferent integrating neurons (navy blue) found on
CNVIII through stimulation of TRP channels on sensory (purple) neurons. Signals from CNVIII,
transmit onto other integrating neurons, including Mauthner neurons, that then conduct signal to motor
neurons that trigger the action of the escape response.

Research Question
After knocking down TRPA1, TRM8, and CNR1 channel function, will the nociceptive neuron
be able to transmit noxious signals or will firing cease to occur?
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In an effort to understand the neurophysiological changes associated with neuropathic
pain sensation and to understand how these channels respond during the sensation of pain, I will
closely examine the effects of suprathreshold stimuli on the TRPA1 channel and subsequent pain
circuit components. Specifically, my study investigates whether damaged pain neurons can still
signal either through compensation by other afferent pathways, or if the damaged nerve
reestablishes synaptic communication in another location. For this project we will study the
effects of a suprathreshold stimulus (exogenous noxious chemicals), have on the TRPA1 channel
in zebrafish (Danio rerio) models. Measuring actual pain perception in animals is not feasible,
however the measurement of nociceptive signaling is plausible with the use of analgesic
compounds or electrophysiologic recordings. Analgesic compounds have been used in zebrafish
models to adapt their ability to distinguish between noxious and innocuous environments, and
recording from TRPA1, TRPM8, and CNR1 containing neurons allows detection of signals
induced by TRPA1, TRPM8, and CNR1 modulation (Issa et al., 2011). The zebrafish model will
allow us a better understanding of the effects that damaged or disrupted TRPA1 channels have
on pain. The present study assays neuronal activity in TRPA1 channel-containing nociceptive
circuits associated with the spinal cord and brain of the zebrafish using electrophysiological
recording, behavioral and imaging approaches (Figure 7)

Integration

?
?

Motor

?

Behavior

Electrophysiology on CNVIII

Immunocytochemistry at Sensory to CNVIII Synapse
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Figure 7: Depiction of Thesis Question. By knocking down TRP function, will the nociceptive neuron still
fire to signal the rest of the pain circuit? To answer this question, we assay different parts of the circuit.
First, we measured escape behavior resulting from proper signaling of all neurons in the circuit. Second,
we used electrophysiology to measure signaling of CNVIII, the primary integrating neuron in the circuit
that synapses onto the TRP channel – containing sensory neurons. Finally, using immunocytochemistry
techniques, we looked to see whether, post synaptic receptors are still transcribed and assembled in the
absence of TRP channel function.

Chapter 2: Materials and Methods
Solutions
Low melting point agarose in MP Solution with 0.02% MS-222 was used to immobilize
morphants for electrophysiological study. Standard fish saline solution (0.9% saline) for
recording electrodes and cinnamon oil mixture for noxious stimulation were also used in
electrophysiology procedures.
Morpholino Design:
A search of the Zebrafish Information Network (ZFIN) identified the gene sequences necessary
to design the desired splice-site masking, antisense oligonucleotide morpholino sequence (MO)
to knockdown specific TRP channel function. Using the gene transcript IDs, the genetic
sequences for TRPA1, TRPM8 and CNR1 were sent to Gene Tools, LLC (New Orleans) along
with directions to mask a specific intron-exon border. The MO were redissolved in 300 l of
sterile water. A 1:1000 dilution of each morpholino was aliquoted into a 1.5mL centrifuge tube.
MOs were then diluted (1:50) in fast green (%w/v) and vortexed until thoroughly mixed. A total
of five morpholinos were used: TRPA1 E3 (MO masks the intron exon border at TRPA1 exon
3), TRPA1 E20 (MO masks the intron exon border at TRPA1 exon 20), TRPM8(MO masks the
intron exon border at TRPM8 exon 3), CNR1(MO masks the intron exon border at CNR1 exon

23

2), and Control morpholino (COMO; designed by Gene Tools, LLC; the standard control
morpholino which did not target significant biological activity).

Figure 8: TRPA1 gene is represented by a series of 28 exons (blue rectangles) and introns (black lines).
A pink bar represents where the TRPA1 E3 morpholino blocks proper splicing at the border of intronexon 3.

Figure 9: TRPA1 TRPA1 gene is represented by a series of 28 exons (blue rectangles) and introns (black
lines). Green bar represents where the TRPA1 E20 morpholino masks proper splicing at the exon 20intron border.

TRPM8 Gene
MO exon 3

Figure 10: TRPM8 Morpholino. TRPM8 gene is represented by a series of 8 exons (blue rectangles) and
introns (black lines). Orange bar over exon 3, represents where the TRPM8 morpholino will cause the
splicing of the exon 3.

CNR1 Gene
MO exon 2
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Figure 11: CNR1 Morpholino. CNR1 gene is represented by a series of 3 exons (blue rectangles) and
introns (black lines). Red bar over exon 2, represents where the CNR1 morpholino will cause the splicing
of the exon 2.

Embryo Collection:
The evening before breeding, males and females (4:3 ratio) were separated by a plastic divider in
a breeding tank then placed overnight in a dark environment. The following morning the fish
were fed and the plastic dividers were lifted to allow breeding among the fish. A lamp was
placed over the breeding tanks to stimulate egg laying. After one hour of breeding the fish were
placed in another tank to continue breeding, and the embryos were transferred from the breeding
tank to a petri dish using a fish net and a pipette. The eggs were flushed through the fish net into
a petri dish with system water and the pipette was used to remove debris and atretic follicles.
Morpholino Injections
Morpholino injections were administered at the one cell stage of embryonic development to
ensure optimal morpholino incorporation. Bevel-tipped glass needles were pulled from 1.0 mm
OP filamented capillaries and filled to the tip with 2 l of the desired MO. The needles were
attached to a Pico spritzer (Tritech Research, Los Angeles) and mounted on three-plane
micromanipulators. Embryos were pipetted and aligned in a single file row onto the edge of the
microscope slide placed in a petri dish. The petri dish was then placed under the microscope, and
the needle adjusted at the optimal angle to penetrate both chorion and yolk sac of the embryo.
Once the needle was inserted into the embryo’s yolk, the Pico spritzer was activated to deliver a
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0.1 L bolus of MO into the yolk. Once injections were complete the morpholino-injected
embryos were transferred to a smaller petri dish with fresh system water and placed in the
28.6C incubator. Embryos were checked several hours later to determine whether MO were
incorporated into the developing embryo by observing the presence of fast green dye in the
developing embryos tissues. Green morphant embryos were separated for behavioral, imaging,
and electrophysiological analyses.
Behavioral Analysis:
Over the developmental time period, the escape response grows in complexity. At 24hpf, the
touch stimulus should evoke a C-bend away from the stimulus and subsequent counterbends. By
48hpf, the C-bend away from the stimulus is followed by a swim away from the stimulus. The
neural circuits that underlie these behaviors include a sensory receptor that detects the noxious
stimulus and passes the signal to the zebrafish auditory/vestibulocochlear nerve (CN. VIII), that
in turn will stimulate the Mauthner neurons that govern the efferent escape response through
stimulating a series of motor neuron connections to trunk muscles. In this circuit, the detection of
the noxious stimulus is integrated through communication between the sensory receptor and CN.
VIII. At this synapse, a noxious stimulus should trigger the opening of TRPA1 channels on the
axon terminals of the sensory receptors causing an influx of calcium ion. Calcium induces
vesicles filled with the excitatory neurotransmitter, glutamate (GLUT) to fuse with the
presynaptic membrane to release GLUT into the synaptic cleft. NMDA receptors for GLUT on
the dendrites of CN. VIII, bind GLUT causing an action potential to travel down CN. VIII to
trigger the Mauthner Neurons, resulting in an escape response. To record whether or not
communication between these afferent components persisted even after knock-down of TRPA1
channel proteins, we assayed morphants for the ability to successfully elicit an escape response.
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At 24, 48, and 72hpf, morphants were individually placed in an arena consisting of a small petri
dish filled with system water for analysis of escape response using HiSpec Lite (Fastec, San
Diego) high speed camera attached to a Zeiss SteREO Discovery V12 dissection microscope.
Escape response was prompted with a touch/noxious stimulus from a dental pick, and the
behavior was recorded at 500 fps. Behavioral analyses included comparisons among morphants
in the ability to respond to the noxious stimulus, and for those that did respond, how long it took
for the individual to complete the initial C-bend portion of the escape behavior. Absence of
response and delays in behavior could indicate anomalies in the communication among circuit
components.
Electrophysiology
Pain is subjective from organism to organism and it is therefore hard to distinguish the presence
of pain in organisms that are unable to speak. Using electrophysiology recordings of action
potentials can help determine whether pain signals are successfully being passed among neurons
in the nociceptive circuits. Recordings from individual neurons of the circuit measure changes in
voltage across the neuronal membrane. Specifically pertaining to the morphant zebrafish in this
experiment, action potentials were recorded from cranial nerve VIII (CN.VII)I the
vestibulocochlear nerve within the inner ear of morphants at 72 and 96hpf. Zebrafish were
immobilized on a petri dish using low melting point agarose in 0.01% buffered MS-222 and
placed under a high-resolution microscope. Electrodes (positive and negative) were fashioned
from extra fine Nichrome coated silver wire and carefully threaded into a pulled capillary needle
filled with 0.9% zebrafish saline then fed into the Dataq (Akron, OH) data acquisition stage and
amplifier. A distance of less than 0.1 m between the ends of the positive and negative electrode
ends was verified using a slide micrometer before insertion of the electrodes into the nerve. A
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ground electrode is placed in the agarose near the fish and the recording electrodes are directed
into the inner ear of the morphant. Cinnamon oil (noxious stimulus) is delivered near the fish
with a pico pump, and any action potentials from CN. VIII were recorded a few seconds after
induction of cinnamon oil. The experiment was repeated on each morphant group.
Electrophysiology was performed on four fish of each morphant group. Once recording was
complete zebrafish was placed in a separate petri dish with system water to recover from testing.

Immunohistochemistry
The process of pain firing is a result of excitatory and inhibitory responses involving
neurotransmitters such as glutamate. When a noxious signal is detected, calcium influx through
TRP channels into the presynapse causes glutamate to exit the presynaptic neuron and bind to
NMDA receptors clustered at the post synaptic density by the clustering protein PSD95.
Immunohistochemistry was utilized in order to visualize these interactions at the postsynaptic
density. We flash froze zebrafish morphants at 48hpf and sectioned spinal cord tissue. Tissues
were labeled with antibodies against NMDA receptor proteins (green) and against PSD95 (red).
Green punctae present in the spinal cord indicate NMDA receptors, while red punctae indicate
PSD95. Clustering of NMDA receptors by PSD95 NMDA clustering proteins at the post
synaptic density would be indicated by co-localization of green and red punctae = yellow. The
presence of NMDA receptors and PSD95, along with colocalization of these proteins was
assessed by measuring the corresponding Fluorescent Intensity Mean (FIM) values, generated by
the punctae present. An increase in the FIM value was correlated to an increased presence of the
corresponding NMDA receptor or PSD95 clustering proteins. Among the TRP morphant groups
we expected there to be a reduction of NMDA receptor components and also colocaliztion of the

28

proteins, because of the hypothesized absence of signal from the presynaptic neurons. In this
preliminary experiment only two antibody stains of each morphant group were performed.
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Chapter 3: Results
Behavioral Analysis
Zebrafish were scored on how they responded to the stimulus; whether or not the response was
spastic, normal, delayed, or no response. Among all the 24hpf morphant groups TRPA1 E3 had a
47% delayed response, TRPA1 E20 had a 45% delayed response, TRPM8 had a 45% delayed
response, CNR1 had a 52% delayed response, and the control morpholino COMO had an 11%
delayed response. Among all the 48hpf morphant groups TRPA1 E3 had a 71% delayed
response, TRPA1 E20 had a 42% delayed response, TRPM8 had a 60% delayed response, CNR1
had a 47% delayed response, COMO had an 22% delayed response. Among all the 72hpf
morphant groups TRPA1 E3 had a 40% delayed response, TRPA1 E20 had a 25% delayed
response, TRPM8 had a 37% delayed response, CNR1 had a 25% delayed response, COMO had
an 14% delayed response. Percentage stacked bar graphs were constructed to better compare the
behavioral responses between each morpholino group on plane at 24, 48 and 72hpf. One-way
ANOVA tests were used to compare the average time among experimental groups to complete
the coil/C-bend at 24, 48 and 72hpf. At 24hpf there was significance (p = 0.0002; alpha = 0.05),
meaning there was a significant difference in time to coil at 24hpf among all morphants. Pairwise
comparisons Using Bonferroni corrected T-Tests ( < 0.01) COMO and TRPM8 (p = 0.0002;
alpha = 0.01) and TRPM8 vs E3 (p = 0.0002; alpha = 0.001). At 48hpf there was a significant
difference among groups in the average time it took to coil (p = 0.0105). Pairwise comparisons
using T-Tests with a Bonferroni Correction ( < 0.01) identified significant differences in the
average time to coil at 48hpf between COMO and TRPA1 E3 morphants (p = 0.0069) and
between COMO and CNR1 morphants (p = 0.0038). Comparisons of COMO to TRPA1 E20
and COMO to TRPM8 were not significant in time to coil, but yielded p values approaching
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significance at p = 0.0149 and p = 0.0165 respectively. Comparisons of CNR1 morphant coil
times to TRPA M8 times trended toward but did not indicate significant differences (p = 0.0158).
At 72hpf significant differences in average coil time among the groups were determined (p =
0.0334; ). Using Bonferroni corrected T-Tests ( < 0.01), we pinpointed a significant
difference in average time to coil at 72 hpf between COMO and TRPA1 E3 morphants (p =
0.0002).

COMO Behavioral Responses 24hpf
No Morphological Anomalies

0%11%
11%

Spastic Response
No Response
Delayed Response

78%

Normal Response

Figure 12: Control Morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 24hpf zebrafish in response to poke with dental pick.
Percentages indicate that a majority of fish exhibited a normal response to the stimulus meaning the fish
required one poke to respond to the stimulus.
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TRPA1 E3 Behavioral Responses 24hpf
No Morphological Anomalies
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Delayed Response
Normal Response
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Figure 13: TRPA1 E3 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 24hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.

TRPA1 E20 Behavioral Responses 24hpf
No Morphological Anomalies
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Figure 14: TRPA1 E20 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 24hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.
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TRPM8 Behavioral Responses 24hpf
No Morphological Anomalies
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Figure 15: TRPM8 morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 24hpf zebrafish in response to poke with dental pick.
Figure shows that a majority of fish exhibited a delayed response to the stimulus meaning the fish
required more than one poke to respond to the stimulus.

CNR1 Behavioral Responses 24hpf
No Morphological Anomalies
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Figure 16: CNR1 moprholino Zebrafish Response to Touch Stimulus. Showing a pie graph representation
of the behavioral response of the 24hpf zebrafish in response to poke with dental pick. Figure shows that
a majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.
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COMO Behavioral Responses 48hpf
No Morphological Anomalies
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Delayed Response
Normal Response
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Figure 17: Control Morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 48hpf zebrafish in response to poke with dental pick.
Figure shows that a majority of fish exhibited a normal response to the stimulus meaning the fish required
one poke to respond to the stimulus.

TRPA1 E3 Behavioral Responses 48hpf
No Morphological Anomalies

21%

0%8%

Spastic Response
No Response
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Figure 18: TRPA1 E3 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 48hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.
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TRPA1 E20 Behavioral Responses 48hpf
No Morphological Anomalies
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Delayed Response
Normal Response

Figure 19: TRPA1 E20 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 24hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a normal response to the stimulus meaning the fish required one poke to
respond to the stimulus

TRPM8 Behavioral Responses 48hpf
No Morphological Anomalies
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Figure 20: TRPM8 morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 24hpf zebrafish in response to poke with dental pick.
Figure shows that a majority of fish exhibited a delayed response to the stimulus meaning the fish
required more than one poke to respond to the stimulus.
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CNR1 Behavioral Responses 48hpf
No Morphological Anomalies

20%

20%

Spastic Response
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Normal Response

Figure 21: CNR1 moprholino Zebrafish Response to Touch Stimulus. Showing a pie graph representation
of the behavioral response of the 48hpf zebrafish in response to poke with dental pick. Figure shows that
a majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.

COMO Behavioral Responses 72hpf
No Morphological Anomalies
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Figure 22: Control Morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 72hpf zebrafish in response to poke with dental pick.
Figure shows that a majority of fish exhibited a normal response to the stimulus meaning the fish required
one poke to respond to the stimulus.
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TRPA1 E3 Behavioral Responses 72hpf
No Morphological Anomalies
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Normal Response

Figure 23: TRPA1 E3 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 72hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a normal response to the stimulus meaning the fish required one poke to
respond to the stimulus.

TRPA1 E20 Behavioral Responses 72hpf
No Morphological Anomalies
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Figure 24: TRPA1 E20 Zebrafish Response to Touch Stimulus. Showing a pie graph representation of the
behavioral response of the 72hpf zebrafish in response to poke with dental pick. Figure shows that a
majority of fish exhibited a normal response to the stimulus meaning the fish required one poke to
respond to the stimulus
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TRPM8 Behavioral Responses 72hpf
No Morphological Anomalies
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Figure 25: TRPM8 morpholino Zebrafish Response to Touch Stimulus. Showing a pie graph
representation of the behavioral response of the 72hpf zebrafish in response to poke with dental pick.
Figure shows that a majority of fish exhibited a normal response to the stimulus meaning the fish required
one poke to respond to the stimulus.

CNR1 Behavioral Responses 72hpf
No Morphological Anomalies
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Figure 26: CNR1 moprholino Zebrafish Response to Touch Stimulus. Showing a pie graph representation
of the behavioral response of the 48hpf zebrafish in response to poke with dental pick. Figure shows that
a majority of fish exhibited a delayed response to the stimulus meaning the fish required more than one
poke to respond to the stimulus.
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24hpf Behavioral Responses No
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Figure 27: 24hpf Behavioral Response percentages across morpholino groups. Shows side-by-side
comparison of behavioral responses to noxious touch stimulus. CNR1 has highest delayed response to
stimules.
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Figure 28: 48hpf Behavioral Response percentages across morpholino groups. Shows side-by-side
comparison of behavioral responses to noxious touch stimulus. TRPA1 E3 has highest delayed response
to stimulus.
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72hpf Behavioral Responses
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Figure 29: 72hpf Behavioral Response percentages across morpholino groups. Shows side-by-side
comparison of behavioral responses to noxious touch stimulus. TRPA1 E3 has highest delayed response
to stimulus.
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Figure 30: Average C-bend time among 24hpf zebrafish. Histogram from one- way ANOVA test, shows
significant difference between TRPA1E3 and TRPM8 coil time and control coil time. ANOVA shows
significant difference in time to coil among all treatment groups. T-tests with Bonferroni correction show
significant differences between COMO and each of the other groups, TRPA1 E3 p=0.0002, =0.01and
TRPM8 E3 p=0.0002, =0.01, *p<0.01 an “*” indicating significance
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Figure 31: Average C-bend time among 48hpf zebrafish. Histogram from one- way ANOVA test, shows
significant difference between CNR1 coil time and control coil time. ANOVA shows significant
difference in time to coil among all treatment groups. T-tests with Bonferroni correction show significant
differences between COMO and each of the other groups, E3 p=0.0069, =0.01 and CNR1p=0.001,
=0.01, *p<0.01 an “*” indicating significance
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Figure 32: Average C-bend time among 72hpf zebrafish Histogram from one- way ANOVA test, shows
significant differences in coil time among all morpholino. ANOVA shows significant difference in time
to coil among all treatment groups. T-tests with Bonferroni correction show significant differences
between COMO and each of the other groups, there was a significant difference between COMO and E3
p=0.001, =0.01 morphants in time to coil, *p<0.01 an “*” indicating significance

Electrophysiology
Of all the morpholino groups only the COMO and CNR1 yielded distinct characteristic action
potential recordings. The results yielded a noxious response to the stimulus. The morphant
groups TRPA1 E3, TRPA1 E20, and TRPM8 did not yield characteristic distinct action potential
recordings suggesting reduced nociceptive signaling occurred.
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Figure 33: COMO 72hpf. Representation of characteristic action potential firings in control zebrafish.
Shows electrodes entering zebrafish and distinct action potential firings.

Figure 34: TRPA1 E3 96hpf. Representation of non-characteristic action potential firings in TRPA1 E3
morphant zebrafish. Shows electrodes entering zebrafish causing a slight change in firing, also shows
minmal response to noxious stimulus.
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Figure 35: TRPA1 E20 72hpf. Representation of non characteristic action potential firings in TRPA1 E20
morphant zebrafish. Shows electrodes entering zebrafish causing a slight change in firing, also shows
minmal response to noxious stimulus.

Figure 36: TRPM8 96hpf. Representation of non characteristic action potential firings in TRPM8
morphant zebrafish. Shows electrodes entering zebrafish causing a slight change in firing, also shows
minmal response to noxious stimulus.
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Figure 37: CNR1 96hpf. Representation of characteristic action potential firings in CNR1 morphant
zebrafish. Shows electrodes entering zebrafish and distinct action potential firings

Immunohistochemistry
Glutamatergic synapse assembly was observed to compare the impact of knocking down TRP
channels on the establishment of synapses for glutamate on the post synaptic density of neurons
on the pain circuit. Clustering of NMDA receptors by PSD95 NMDA clustering proteins at the
post synaptic density would be indicated by co-localization of green and red punctae = yellow.
Antibodies were used to monitor the assembly of glutamatergic synapse components at the postsynaptic density. Among the TRP and CNR1 morphant groups it is expected that there will be a
reduction of NMDA receptor components less colocalization of the two. In this preliminary
experiment only two antibody stainings of each morphant group was performed. The
colocalization was measured by the corresponding Fluorescent Intensity Mean (FIM) values of
spinal cord tissue sections generated from the confocal The FIMs were obtained from specific
areas where punctae should occur. An increase in the FIM value can be correlated to an
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increased presence of the corresponding NMDA receptor or PSD95 clustering proteins. The
morphant FIM values were subtracted from the double secondary stained control tissues. FIM
values for the control were 9.627 (red), 15.813 (green), TRPA1 E3, TRPA1 E20, had
significantly lower FIM values than compared to the control, TRPA1 E3 being 5.433 (red),
11.427 (green); TRPA1 E20 being 0.416 (red), 2.286 (green). However, the FIM values for
TRPM8 and CNR1 showed little difference compared to the control, TRPM8 being 7.417 (red),
12.571 (green); CNR1 being 7.164 (red), 8.244 (green).

Figure 38: COMO 48hpf. Intensity mean for PSD 95 (red) fluorescence was 9.627 and intensity mean for
Glutamate (green) was 15.813. Shows colocalization of PSD95 NMDA clustering proteins and NMDA
receptors around specified punctae.

Figure 39: TRPA1 E3 48hpf. Intensity mean for PSD 95 (red) fluorescence was 5.433 and intensity mean
for Glutamate (green) was 11.427. Shows no colocalization of PSD95 NMDA clustering proteins and
NMDA receptors around specified punctae.
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Figure 40: TRPA1 E20 48hpf. Intensity mean for PSD 95 (red) fluorescence was 0.416 and intensity mean
for Glutamate (green) was 2.286. Shows no colocalization of PSD95 NMDA clustering proteins and
NMDA receptors around specified punctae.

Figure 41: TRPM8 48hpf. Intensity mean for PSD 95 (red) fluorescence was 7.417 and intensity mean for
Glutamate (green) was 12.571. Shows minimal colocalization of PSD95 NMDA clustering proteins and
NMDA receptors around specified punctae.

Figure 42: CNR1 48hpf. Intensity mean for PSD 95 (red) fluorescence was 7.164 and intensity mean for
Glutamate (green) was 8.244. Shows minimal colocalization of PSD95 NMDA clustering proteins and
NMDA receptors around specified punctae.
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Chapter 4: Discussion and Conclusions
Behavioral Analysis
The responses of control injected fish to stimuli were as expected and could be used as good
comparable data for the morpholino groups. The 24hpf morpholino groups TRPA1 E3, TRPA1
E20, TRPM8 and CNR1, and the 48hpf morpholino groups TRPA1 E3, TRPM8 and CNR1
yielded expected results; they did not respond normally to the stimulus, suggesting pain
perception was altered. It is unclear where along the nociceptive circuit the alteration occurred. It
could have taken place (a) between the sensory dendrite and beginning of the sensory axon; (b)
the synapse onto the integration nerve which is where the TRP channels are located, or (c) it
could have taken place between the ending and beginning of the integration and motor nerve.
Due to the uncharacteristic delayed response exhibited from the 24hpf morpholino groups
TRPA1 E3, TRPA1 E20, TRPM8; the 48hpf morpholino groups TRPA1 E3, TRPM8 it is certain
nociceptive circuit alteration has occurred. With all morpholino groups it was suggested fish
would not respond normally to the stimulus. For the TRPA1 E3, TRPA1 E20, and TRPM8
morphant fish, a normal response to the stimulus would be a delayed response or no response
because nociceptive signaling is being altered. For the CNR1 morphant fish, a normal response
to the stimulus would be a characteristic C-bend and swim away after one poke because
endocannabinoid binding is not occurring and is unable to activate analgesic properties within
the fish. Due to half of the morpholino groups responding normally to the stimulus at varying
stages of embryonic development TRPA1 E3, TRPA1 E20, and TRPM8 it suggests the fish were
responding to the noxious stimulus; and for CNR1 not responding to noxious stimulus. In
regards to TRPA1 E20 it can be hypothesized that morpholinos targeting the 5’ end of the gene
sequence create a more potent gene knockdown. The morpholino targeting exon 20 did not have
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a significant impact on noxious insensitivity in the TRPA1 gene when compared to the TRPA1
E3 morphants.
Due to the nature of function of the cannabinoid receptor it is not surprising that the fish
did not have a normal response to the stimulus. CNR1 gene disruption does not allow proper
endocannabinoid binding to activate analgesic properties in the presence of noxious stimuli. The
disruption in the gene associated with sensing pain in the central nervous system could not be
overcome to allow endocannabinoid ligand binding and as a result the fish could not respond to
the stimulus as they should. The TRPM8 group did not yield expected insensitivity behaviors
suggesting that more than cold conditions and exogeneous compounds acts on the TRPM8
channel. Although not all results were as expected TRPA1 E3 and CNR1 show promise with
nociception insensitivity.
Electrophysiology
By recording from cranial nerve VIII, we tested whether signaling from the sensory neuron
continues even after TRP and CNR1 channels are knocked down. The morphant groups TRPA1
E3, TRPA1 E20, TRPM8, CNR1 and COMO yielded the expected action potential recording
results. Signaling was evident in the COMO and CNR1 fishes as observed by the distinct action
potential peaks and maximum deflection value. The TRPA1 E3, TRPA1 E20, and TRPM8
splice-site morpholino recordings did not show the same distinctive peaks as the COMO and it
can be suggested that reduced signaling/ signal disruption has occurred. In these cases, the
maximum deflection value is so low it can either be attributed to negligible signaling or artifact
and it can be suggested that noxious pain signaling has been disrupted, meaning fish were unable
to detect the noxious stimulus. These results also suggest the morpholinos disrupted noxious
signaling at the sensory-to-cranial nerve synapse, and the recordings were taken on the
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integration cranial nerve. The data from the TRPA1 and TRPM8 trials suggest that these
channels may require more research because possible analgesic properties may emerge from
TRPA1 antagonist.
The CNR1 morphant group also yield the expected result because that CNR1 knockdown
data exhibited results that resemble that of the control. With hindsight, this is not surprising;
CNR1 receptors possess the ability to inhibit GPCR pathways associated with nociception
signaling, and with CNR1 knockdown it can be suggested that those inhibiting qualities have
been knocked down as well. The result being nociceptive sensitive responses in the presence of
noxious stimuli.
The preliminary results yielding disruption of mechanical signaling in the TRPA1a
morpholino groups yields conflicting results to a past study by Prober et al., 2008. In the Prober
et al 2008 paper both TRPA1 paralogs were examined by creating TRPA1a homozygous,
TRPA1b homozygous, and TRPA1a/TRPA1b double homozygous mutants in zebrafish. It was
noted that the detection of TRPA1a expression is first seen in 72hpf zebrafish. The mutants were
used to examine the necessity of the paralogs in response to chemical, thermal and mechanical
irritants. Using acoustic vibrations, the mechanical response was observed in the mutants and it
was concluded that TRPA1 was not necessary to evoke a mechanical response in the hair cells
and lateral line (Prober et al 2008). However, the electrophysiology results in this thesis yield a
different result When the TRPA1a channel is disrupted, so there was a lack of action potential
firing in the TRPA1a when stimulated by cinnamon oil, suggesting that TRPA1a channels are
present on the cranial nerve. In contrast, Prober et al. (2008) state that TRPA1a is only found on
nerves innervating visceral organs. The electrophysiology in this thesis was conducted at 72hpf
and beyond to ensure the expression of TRPA1a. In the temperature variant locomotor
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behavioral responses, Prober et al 2008 found the TRPA1 channel not to be required, however it
was seen in the Cutright et al 2015 paper that TRPA1 channels were necessary for thermal
variant behavioral response. The fish were administered the mustard oil and placed in the
optimal/hot or optimal/cold tanks and behavioral observations were recorded. The fish who were
administered the mustard oil showed a reduced threshold for a nociceptive response, where as
the temperature swim velocity trial in the Prober et al 2008 paper did not yield velocity
differences in morphants. This result suggests that TRPA1 channels are necessary for behavioral
responses to thermal stimuli.
Immunohistochemistry
These very preliminary results show COMO fish demonstrated the highest FIM values indicating
colocalization and assembly of glutamatergic synapse component punctae. The morphant groups
TRPA1 E3 and TRPA1 E20 yielded the lowest FIM values suggesting not enough assembly of
glutamatergic synapse component punctae meaning colocaliztion may not have occurred on at
the post synaptic density. Whereas with TRPM8 and CNR1 the FIM values were not
significantly different from that of the control suggesting colocalization has occurred. The lack
of colocalization (yellow) suggests that knocking down TRP channels impacts communication
across synapses in the pain circuit. The preliminary immunohistochemistry results support the
behavioral analysis results at some time points in embryonic developments among the morphant
groups as well as the electrophysiology results. The CNR1 behavioral results conflict with the
electrophysiology and immunohistochemistry and thus need to be further examined.
Conclusions
These preliminary results further provide evidence that nociceptive channels can be
manipulated successfully to interfere with pain perception. Since finding are very preliminary
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more research needs to be done to further flesh out the analgesic properties TRP channels and
their agonists can have. In regards to the CNR1 the mirrored endocannabinoid responses to that
of 9-THC yielding analgesic anti-nociceptive functions supports the need for 9-THC research.
The preliminary results showing how CNR1 disruption reverses anti-nociception provides further
evidence of the importance of 9-THC research with chronic pain because the similarities
between endocannabinoid and 9-THC analgesia. The ability to turn on and off channels that are
associated with pain could potentially benefit those suffering from acute and chronic pain
disorders. This more localized treatment method could significantly reduce opioid addiction as a
result of injury. The ability to specifically detect the cause of the pain signaling for example a
cold temperature and knowing cold sensitivity is associated with a certain gene, or channel for
example TRPA1, then being able to disrupt that channel and stop pain signals can completely
alter the course of pain treatment and introduce gene therapy. These preliminary results show
promise that blockade of pain sensation via gene knockdown is feasible.
Chapter 5: Integrative Biology
Science has come a long way from the notion that modes of scientific research cannot be
intertwined. In this new era of science and research scientists have embraced approaching
scientific questions with a multifaceted integrative approach. Kennesaw State University is one
of the few universities that has started preparing its students for this new wave of research. As an
Integrative Biologist, I have learned how to incorporate many different disciplines of biology to
answer a research question. In order to answer my research question in an integrative fashion my
research incorporated genetics and genomics through BLAST searches and gene manipulation to
create the morpholinos to alter the genes in a way that was going to help me answer my research
question. Once gene manipulations were achieved the development of the fish were observed to
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record any deviations from characteristic expected developmental stages. In addition to gene
manipulation and developmental study interactions between neural networks were also observed
through action potentials along with observing behavioral analysis. Through my training at
Kennesaw I was able to take on the role of being a geneticist, developmental biologists,
neurobiologists, and physiologist. Due to this multifaceted research approach, I am able to look
at research questions holistically and use the multiple biology backgrounds I have gained to
answer my research question.
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